Results presented here demonstrate that the thermodynamics of oligocation binding to polymeric and oligomeric DNA are not equivalent because of long-range electrostatic effects. At physiological cation concentrations (0.1-0.3 M) the binding of an oligolysine octacation KWK6-NH2 (+8 charge) to single-stranded poly(dT) is much stronger per site and significantly more salt concentration dependent than the binding of the same ligand to an oligonucleotide, dT(pdT)10 (-10 charge). These large differences are consistent with Poisson-Boltzmann calculations for a model that characterizes the charge distributions with key preaveraged structural parameters. Therefore, both the experimental and the theoretical results presented here show that the polyelectrolyte character of a polymeric nucleic acid makes a large contribution to both the magnitude and the salt concentration dependence of its binding interactions with simple oligocationic ligands.
All crystallographic and NMR structure determinations and numerous experimental and theoretical studies of the binding of cationic ligands and proteins to DNA in solution have been performed with oligo(deoxy)nucleotides. Use of oligonucleotides in solution studies provides an efficient means of examining effects of changes in sequence and is the only means of eliminating effects of cooperativity due to protein-protein interactions on a longer DNA lattice (1, 2). Results of thermodynamic and kinetic studies of ligand-oligonucleotide interactions, and the corresponding theoretical analyses based on structures of oligonucleotide complexes, pertain directly to polymeric DNA only if interactions involving regions that flank the binding site are negligible (or can be taken properly into account). For example, short oligonucleotides are oligoelectrolytes, which differ strikingly in their interactions with salt ions from the behavior of polyelectrolytes. The polyelectrolyte character of polymeric DNA has been proposed (3, 4) as the primary origin of the large dependences on salt concentration observed for the binding both of simple oligocations (5-7) and of locally cationic surface regions of proteins (3, 4) to polymeric DNA. At low salt concentrations ('10 mM), this "polyelectrolyte effect" has a sound theoretical basis (3, 4, 8). At higher salt concentrations, however, some more recent theoretical developments (9) (10) (11) (12) have raised questions about the importance of the polyelectrolyte character of DNA as a determinant of its thermodynamic activity and hence of its ligand-binding energetics. To address this controversy, we report here the first direct experimental comparison of the magnitudes and salt concentration dependences of nonspecific binding affinities of a peptide cationic ligand (KWK6-NH2) to two lengths of DNA: one [poly(dT)] long enough so that virtually all potential binding sites are in the interior of the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
polyion and the other [dT(pdT)lo] so short that it has no polyelectrolyte character.
The effective range of electrostatic interactions between charges in solution determines not only the number of nucleic acid phosphates that contribute to the polyelectrolyte effect but also the number of parameters needed to describe this effect theoretically. A recent review (13) of electrostatic calculations on biomolecules has stressed the importance of modeling the interacting species with all available structural detail. This approach may be appropriate for systems and/or conditions where the governing interactions are predominantly short range and where this level of structural detail is uniformly available for all participants. However, for nucleic acids and their complexes complete structural details in solution are rarely available. Fortunately, a considerable body of evidence (reviewed in ref. 14) indicates that under typical experimental conditions (including physiological salt concentrations) the effective range of electrostatic interactions is long enough so that many pairwise interactions contribute to the electrostatic potential acting on the surface of DNA. Consequently, specification of the precise location of each charge is anticipated to be relatively less significant. Therefore, a small number of preaveraged structural parameters may suffice to describe the important characteristics of the charge distributions that determine salt concentration effects on equilibria such as oligocation binding to a nucleic acid. To determine whether mean axial charge densities and hard core distances of closest approach suffice to characterize thermodynamic effects of the interactions of salt ions with KWK6-NH2, poly(dT) and dT(pdT)10, effects of varying the salt concentration on the binding of this octacation to both lengths of DNA were calculated using the cylindrical Poisson-Boltzmann (PB) equation (14) .
MATERIALS AND METHODS
Buffers. All chemicals were reagent grade and solutions were prepared with distilled-deionized Milli-Q H20 (Millipore). All experiments were performed in 5 mM sodium cacodylate/0.2 mM Na3EDTA buffer, pH 6.0, at 25°C with variable amounts of sodium acetate (NaOAc).
Nucleic Acids. Poly(dT) (average length of 3000 phosphate charges) was purchased from Sigma and dialyzed extensively to remove excess salt. The oligonucleotide dT(pdT)lo was obtained from Operon Technologies (Alameda, CA) and purified using a Hamilton PRP-1 reverse-phase HPLC column in volatile salt (triethylamine acetate) buffer. The excess salt was removed by evaporation. Concentrations of poly(dT) and dT(pdT)lo were determined spectrophotometrically at 260 nm using 8260 = 8100 M-1cm-1 (6, 15 Proc. Natl. Acad. Sci. USA 93 (1996) Oligopeptide. KWK6-NH2 (K, L-lysine; W, L-tryptophan), a tryptophan-containing oligolysine amide, was synthesized by the Fmoc (fluorenyl-9-methoxycarbonyl) solid-phase method using the procedure described by Houghten et al. (16) (vm, = 1/n) in the salt-back titrations of the KWK6-NH2/ poly(dT) mixture. The effect of uniunivalent salt concentration (expressed by the mean ionic activity a,) on a binding equilibrium (designated as S5Kobs) was determined from the tangent line of the weighted quadratic fitting of the logKobsloga± plot. Tabulated experimental values of the molal activity coefficients and densities of NaOAc solutions (21) were used to convert salt concentrations to a by assuming that the nonideality of the buffer anion is the same as that of OAc-, which is the dominant anion contributing at least 95% of the total anion concentrations in all experiments.
PB Calculations of S1K0bs. A general thermodynamic analysis (8, 22) of the effect of excess uniunivalent salt on a binding equilibrium yields the following expression: dlogKobs SaKobs = dloga ± = (IZcI + 2Fc) -(IZDI + 2rD) -(IZLI + 2FL), [3] where the subscripts C, L, and D indicate complex, ligand, and uncomplexed DNA species, respectively. In Eq. 3, the net number of charges on each species is ZJ (J = C, L, or D), and Fj is the preferential interaction coefficient that characterizes the interactions of excess uniunivalent salt with the corresponding electroneutral component (22) . Values of SaKobs were calculated by using the cylindrical PB equation to evaluate preferential interaction coefficients in Eq. 3 for preaveraged structural models of the octacationic ligand (L8+), the oligomeric or polymeric nucleic acid, and their complex. A finite difference form of the nonlinear PB equation in cylindrical coordinates (the electrostatic potential varies with the cylindrical r and z but not the 0 coordinate) was solved on a nonuniform grid using Gauss-Seidel iteration (23) . Increases in the cell size or the density of grid points did not alter the results. Specific details will be published elsewhere. For the uncomplexed DNA and unbound L8+ the "standard" (b/s/a) model was assumed (cf. ref. 14 for a review); where b is the average spacing between structural charges projected onto the axis of a rod-like oligo-or polyion, a is the distance of closest approach of the center of a mobile ion to the axis of the nucleic acid or ligand, and s = 78.7 is the dielectric constant of water at 25°C. Structural parameters of the single stranded DNA (b = 3.45 A, a = 10 A) were those used by Olmsted et al. (24) and structural parameters of the model ligand L8+ (b = 1.7 A, a = 13 A) were taken from Olmsted et al. (8). Neither was optimized for the present analysis. Oligomer termini were modeled as described (8). To model the DNA-L81 complex, a segment of the axial charge on the model DNA containing 8 consecutive charges was eliminated. For dT(pdT)lo this segment was in the central position. The radial distance of closest approach of ions to the DNA-L8+ complex axis was 14.6 A over a distance of 36.2 A centered at the L8+ binding site (so that there was no change in the volume excluded to ions upon complexation).
RESULTS
Characterization of L8+-DNA Binding. Reverse Fig. 2) . As expected for an oligocationic ligand with 8 positive charges, the stoichiometry for KWK6-NH2 binding to poly(dT) is one ligand bound per 8 DNA phosphates (shown in Fig. 2B ), which is in excellent agreement with that obtained from binding density function analysis (6, 7). Fig. 2B indicates that KWK6-NH2 forms a 1:1 complex with dT(pdT)Io. The observations that KWK6-NH2 Anion association with the ligand in the complex is neglected, because in this model all positive charges on the ligand are neutralized by DNA phosphates (8). As a simple approximation, contributions to ISaKobsI for binding of L8+ to dT(pdT)lo from cation and anion release are assumed equivalent: both -1.8 at 0.2 M salt. This approximation probably underestimates the contribution arising from cation release from the oligomeric DNA and consequently overestimates the contribution from anion release from the ligand. Our grand canonical Monte Carlo (GCMC) simulations on a related system (8) and PB calculations (data not shown) indicate that the contribution to ISaKobsI from cation release from dT(pdT)lo is somewhat larger (=10%) than that from anion release from L8 . Clearly, this approximation does not alter our conclusions that the dominant contribution to ISaKobsI for binding of L8+ to polymeric DNA must be from cation release (4.7 at 0.2 M salt; >70% of the total effect) while anion release from the ligand (1.8 at 0.2 M salt) contributes <30% of the effect. The extent of cation release from poly(dT) (4.7) is -2.6-fold larger than from dT(pdT)1o (1.8) at 0.2 M salt.
Large tides) at 0.1 M salt (25) . However, an alternative theoretical description of oligoelectrolyte-salt interactions based on an adaptation of molecular counterion condensation theory implies that the average extent of cation accumulation per charge is similar for short oligoelectrolytes and polyelectrolytes at any excess salt concentration above 10 mM (11) . The resulting thermodynamic implication is that SaKobs (as well as Kobs) for L81 binding to poly(dT) and dT(pdT)lo should be similar above 10 mM salt. However, we report large differences in Kob" (>10-fold) and in ISaKobsI (3.0 ± 0.2) at 0.2 M salt (cf . Fig. 4) . These large differences are qualitatively in accord with previous GCMC (8) and PB (this work and ref. 25 ) simulations but inconsistent with theories (11, 12) that predict essentially no difference in cation accumulation between an oligoelectrolyte and a polyelectrolyte under the conditions examined here. Our experimental results demonstrate directly the importance of polyelectrolyte effects on binding of oligocationic ligands, even at relatively high salt concentrations ('0.3 M).
Is the Standard Model for the DNA Solution Sufficient to Account for SKObs? According to the standard model, the fundamental structural parameters of a cylindrical DNA model are the radius of the cylinder and the average axial charge separation (8). Fine structural details have been claimed to be of primary importance, and interactions with distant charges of less importance, for understanding electrostatic contributions to oligocation-DNA and protein-DNA interactions at typical experimental salt concentrations (9, 13) . However, the PB calculations of ligand binding thermodynamics presented here demonstrate the sufficiency of a small number of important averaged structural parameters (a, b, and, for oligomers, the number of charges) in addition to the dielectric constant of pure solvent. The ability of the standard model to predict SaKobs for oligocation binding is consistent with the inference that the magnitude of SaKobs is determined primarily by the polyelectrolyte character of the DNA. At least at salt concentrations 5 0.3 M, the effective range of electrostatic interactions is large enough so that local threedimensional structural details are not needed to account for the magnitudes of SaKobs for binding of simple oligocations to short and long DNA. The small, apparently systematic deviation (outside experimental uncertainty) of the calculated curve from the data (cf. Fig. 4 ) may be attributable to specific effects of ions or water (hydration) not described by any purely electrostatic calculation of SaKobs (4, 26) or may reflect some inaccuracy of structural parameters (a and b), which were not optimized. A recent review (14) considers the related (currently unresolved) question of how much structural detail is required at typical salt concentrations to predict or analyze the electrostatic component of protein-DNA binding thermodynamics. Implications for Protein-Nucleic Acid Interactions. A recent PB-based study (10) and its extension (25) , which used detailed structural models to analyze several site-specific protein-DNA interactions, concluded that the contribution to SaKobs from salt interactions (i.e., nonspecific ion interactions) with the protein is substantial. These PB calculations included only purely nonspecific electrostatic interactions and thus did not attempt to introduce any effect resulting from binding of particular types of ions to specific sites on the protein. Although large contributions to SaKobs from the protein are observed experimentally in some protein-DNA systems, these appear to be due to specific binding of ions (in particular anions) to the protein (27) . No experimental indication exists that purely coulombic nonspecific interactions of salt ions with proteins make a major contribution to SaKobs. Indeed, the results reported here demonstrate a profound asymmetry between the thermodynamic contributions to SJ(obs from a or nonspecific salt-ligand interactions. This finding is consistent with previous results demonstrating that SaKobs for binding of oligolysine peptides to DNA is independent of the nature of the monovalent cation and anion (6). A large asymmetry in thermodynamic contributions to SaKobs may also be expected for protein-nucleic acid interactions where the DNA is a polyanion if the binding site on the protein ligand behaves locally as an oligocation, and if specific ion-protein and specific ion-DNA interactions (i.e., site binding) are absent (28) .
CONCLUSIONS
At salt concentrations in the typical experimental range (0.1-0.3 M), the experimental and theoretical results presented here demonstrate important thermodynamic consequences of the long-range nonspecific electrostatic interactions of salt ions with polyions having a high average axial charge density. Our PB calculations show that the primary origin of the large effect of salt concentration on the binding of an oligocation to polymeric DNA is the release of thermodynamically associated cations from the nucleic acid rather than of anions from the ligand. Hence, to describe this phenomenon the appellation "polyelectrolyte effect" is appropriate. We also demonstrate that at typical experimental conditions key preaveraged structural parameters (a and b) of the nucleic acid capture the essence of the polyelectrolyte effect and that atomic detail is not a prerequisite to account for the salt concentration effects observed here.
Systematic studies of the approach ofKobs and SaKobs to their polyelectrolyte limits as functions of salt and oligonucleotide length are in progress. The resulting data and calculations will enable a more precise determination of the effective range of electrostatic interactions in nucleic acid solutions by establishing upper bounds on the range of salt concentrations over which differences in ligand binding energetics can be discerned between polymeric DNA and oligonucleotides of varying lengths. At high enough salt concentrations the effective range of electrostatic interactions must be reduced to the extent that short-range (noncovalent) interactions between salt ions and the surface of a nucleic acid, as well as interactions involving water molecules, become significant. Under these conditions the inclusion in a theoretical model of fine structural details for each participant in a nucleic acid binding equilibrium is likely to be necessary, but not sufficient, to construct a rigorous theoretical description of the binding thermodynamics.
